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Abstract: 
 
This paper proposes a new multi-resource multi-stage mine production timetabling problem 
for optimising the open-pit drilling, blasting and excavating operations under equipment 
capacity constraints.  The flow process is analysed based on the real-life data from an 
Australian iron ore mine site.  The objective of the model is to maximise the throughput and 
minimise the total idle times of equipment at each stage.  The following comprehensive 
mining attributes and constraints are considered: types of equipment; operating capacities of 
equipment; ready times of equipment; speeds of equipment; block-sequence-dependent 
movement times; equipment-assignment-dependent operational times; etc. The model also 
provides the availability and usage of equipment units at multiple operational stages such as 
drilling, blasting and excavating stages. The problem is formulated by mixed integer 
programming and solved by ILOG-CPLEX optimiser.  The proposed model is validated with 
extensive computational experiments to improve mine production efficiency at the 
operational level.   
 
Keywords: mine production timetabling; multi-resource multi-stage scheduling; open-pit 
mines; mixed integer programming.  
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1. Introduction 
 
Mining activities have been carried out by humans for millennia.  Nowadays, mining 
activities take place all over the world and become a major source of a country’s natural 
wealth, especially for Australia.  Mining methods are mainly divided into two groups: open-
pit/surface mining and underground mining.  In underground mining, the mineral is able to be 
accessed and hauled to the surface through a network of tunnels.  In comparison, open-pit 
mining method is implemented when deposits of minerals are found near the surface or where 
mine structure is inappropriate for tunnelling.  This paper is analysed short-term open-pit 
mine production process including drilling, blasting and excavating stages.  
 
In open-pit mining, the initial optimisation problem type at the strategic level, called mine 
design planning (MDP), aims to provide the optimal answer for the question, that is, what to 
be mined or what is the ultimate pit contour that yields the maximum total value based on the 
estimated geological information.  By drilling in different locations during the process of 
mine exploration, samples of material are collected to estimate the distribution of mineral 
grades.  To design a pit, the entire orebody is subdivided into block units and the value of 
each block unit is estimated by geostatistic information.  Slope requirements (i.e., precedence 
relationship among block units) are regarded as the important constraints and must be 
satisfied in the MDP model.  Subject to slope requirements, the common objective of MDP is 
to determine the ultimate pit contour that maximise the total value of a pit at the strategic 
level.  As pioneers, Lerchs and Grossmann (1965) presented to the mining community the 
methodology known as the Lerchs-Grossmann approach.  Caccetta and Giannini (1988) 
proposed several mathematical theorems in order to improve the Lerchs-Grossmann approach.  
Underwood and Tolwinski (1998) developed a dual simplex approach to solve the integer-
linear-programming (ILP) model of MDP.  Hochbaum and Chen (2000) presented a detailed 
study of the push-relabel network flow algorithm to solve MDP.  Recently, some of extended 
MDP problems were investigated.  For example, Epstein et al. (2012) extended the long-term 
open-pit MDP model to design an underground and open-pit sharing copper deposit by a 
capacitated multi-commodity network flow formulation.  Asad and Dimitrakopoulos (2013) 
implemented a parametric maximum flow algorithm to solve an extend MDP problem with 
uncertain supply and demand.  Nowadays, the basic MDP problem has been well defined and 
computationally tractable to be solved even for the very large MDP instances in today’s 
computer technology.  Due to its simplicity and usefulness, the strategic-level 2D or/and 3D 
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block models as well as Lerchs-Grossmann approach with its subsequent extensions and 
improvements have been extensively implemented in most off-the-shelf commercial mining 
software packages such as XPAC by Runge (2014), Vulcan by Maptek (2014), Datamine by 
CAE Mining (2014) and Gemcom by Whittle (2014).  
 
After the determination of the ultimate pit contour, the next important optimisation problem 
type at the tactical level is called mine block sequencing (MBS).  In the literature, it was also 
termed open-pit block sequencing (OPBS), precedence-constrained open-pit production 
scheduling (PCOPS) or constrained pit limit (CPIT) in the mining literature.  However, the 
key binary decision variable in these problems is commonly defined as whether a block unit 
is selected to be mined in a time period or not.  For convenience, we use the term “MBS” to 
call this tactical-level problem throughout the paper.  The basic MBS problem aims to decide 
which block units should be extracted over certain mid-term time periods so that the total net 
present value is maximised under the complicated precedence relationship of an ore deposit.  
In each time period, many additional constraints (such as the targets of destinations such as 
crushers, mill plants, waste dump points and stockpiles; blending with grade control;  
capacities of mining equipment; etc.) are usually considered in the extended MBS models. In 
the literature, the following important papers in leading OR journals dealt with basic MBS 
and its variants.  Caccetta and Hill (2003) proposed a general mixed-integer-programming 
(MIP) model and a branch-and-cut algorithm with LP relaxation to solve MBS.  Boland et al. 
(2009) developed a LP-based relaxation approach to solve large-size MBS instances.  Bley et 
al. (2010) relaxed this MIP formulation by adding inequalities derived by combining the 
precedence and production constraints.  Ramazan (2007) proposed a method to aggregate a 
subset of block units as branched trees, which are able to reduce number of integer variables 
and number of constraints required within the MIP formulation.  Many researchers indicated 
that solving the MBS-MIP model is computationally intractable for large-size instances, thus 
leading to the development of numerous heuristic algorithms.  Kumral and Dowd (2005) 
developed a simulated annealing metaheuristic combined with Lagrangian relaxation.  
Ferland et al. (2007) modelled the MBS problem as a resource-constrained project scheduling 
problem, which was solved by a particle swam optimisation algorithm.  Myburgh and Deb 
(2010) reported an application of evolutionary algorithm for solving MBS.  Cullenbine et al. 
(2011) recently developed a sliding-time-window heuristic for MBS.  Chicoisne et al. (2012) 
developed an efficient heuristic algorithm based on decomposition and topological sorting 
techniques for solving MBS.  Lamghari and Dimitrakopoulos (2012) presented a tabu search 
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metaheuristic to solve the MBS problem with the consideration of metal uncertainty.  
Espinoza et al. (2013) presented a library (i.e., benchmark data and results of varied-size 
instances) of open-pit mining problems including MDP and MBS (also called CPIT or 
PCPSP) to the mining community.  Alonso-Ayuso et al. (2014) developed a stochastic MBS 
model with considering the uncertainty of ore prices, which was solved by transforming the 
stochastic representation into a mixed deterministic equivalent model.  Lambert et al. (2014) 
concluded a valuable tutorial of typical MBS (also called OPBS or CPIT) mathematical 
formulation models shown in the literature.  Mousavi et al. (2014) developed a more 
comprehensive MBS model with the consideration of additional practical constraints such as 
capacities of excavators, grade control, blending, inventory levels of stockpiles, and 
rehandling and holding costs of stockpiles.  Shishvan and Sattarvand (2015) developed an 
Ant Colony Optimisation (ACO) metaheuristic to solve an extended MBS-type problem 
applied in a Copper-Gold mine. 
 
After the determination of block units to be mined over mid-term periods, mining 
practitioners need to know the answer of such an operational-level question, that is, how and 
when mining equipment at various operational stages (e.g., Drills, MPUs and Excavators) 
should be allocated to perform the detailed operations (e.g., Drilling, Blasting and Excavating) 
over a short time interval (Liu and Kozan, 2012a and 2012b).  This operational-level question 
is answered by a new short-term multi-stage mine production timetabling model in this paper.  
According to recent comprehensive literature review (Newman et al., 2010; Kozan and Liu, 
2011) on the applications of Operations Research approaches to mining industry, multi-
resource multi-stage scheduling methodologies are rarely applied to mining optimisation in 
the mining literature (Kozan et al, 2013).  According to our recent visits to Australian mines, 
we observed that mining practitioners would like to maximise the utilisation of their critical 
mining equipment units at various operational stages by implementing the optimum timetable, 
due to the need of avoiding unnecessary downtimes and accounting for the availability at all 
times.  In mining community, there are some commercial mine production scheduling 
software such as XACT by Runge (2014), MineMax Scheduler by MineMax (2014), 
MineSched by Geovia (2014) and Deswik Scheduler by Deswik (2014).  As far as we know, 
they are still lack of advanced optimisation approach to obtain the optimal multi-stage 
timetable in open-pit mining.  For example, in our visits to Australian iron mine sites, we also 
observed that the timetable of excavators are manually generated for the excavating stage by 
scheduling engineers and just displayed by graphic interfaces of XACT software.  Using the 
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sequence of tactical-level block units over mid-term periods (i.e., regarded as the given due 
dates of block units) by MBS, a multi-stage mine production timetabling (MMPT) model is 
developed to optimise multi-stage operational-level timetable with multiple resource units, 
i.e., how and when the mining equipment will be allocated to the selected block units to 
perform the mining tasks at various operational stages over a shorter time interval.  In a sense, 
this paper fills this gap to extend the boundary of the development of more advanced 
scheduling methodology at the operational level.   
 
 
2.  Mathematical Programming 
 
The MMPS problem is defined according to the flow process of short-term mine production 
processing stages under a real-life mining project.  This flow process is analysed based on 
observations, historical data and feedbacks from an Australian ore mine site.  In the block 
model at strategic exploration, a “block unit” is regarded as the smallest element with 10 
metres in width, 10 metres in length, and 15 metres in height.  At the operational level, a set 
of several same-grade block units on the same bench in the same pit are aggregated to be 
mined at the same production rate.  In this paper, such an aggregation of block units is 
defined as a “mining job” in our MMPS model.  The main purpose of such an aggregation is 
to provide enough working area for one equipment unit in open-pit mining process due to the 
necessary swing angles and the positioning space.  For example, a typical open-pit 
excavator’s working range is over 40 metres and provides about 60 metric ton nominal 
payload capacity (CAT Mining Equipment, 2014).  Each mining job should be processed in 
terms of a given processing route of “operational stages” such as drilling, blasting and 
excavating and by the allocation of specific mining equipment units.   In the drilling stage, 
the block units in each mining job are drilled by drills in order to collect the samples for 
blasting, which is sent to laboratories for checking ore properties such as ingredients and 
density.  The sampling results is used to determine blasting patterns for achieving a good 
fragmentation after blasting.  Mobile Processing Units (MPUs) provides exploding 
equipment and blasting service at the blasting stage.  At the excavating stage, blasted block 
units are extracted by excavators (shovels or front-end-loaders).   
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According to the above analysis, the following model is formulated to optimise open-pit 
drilling, blasting and excavating operations for maximising throughput and reducing the idle 
time of equipment units at each stage.   
 
Indices and Parameters 
𝐼 number of mining jobs in an operational time horizon.   
𝑖 index of a mining job indexed from 1, 𝑖 = 1, … , 𝐼; 𝑖 = 0 is a dummy mining job.  The 
dummy job has zero quantity in volume, surface and drilling metres, which is used to 
complete the constraint of sequence-dependent movement time for determining virtual 
movement distances of the first/last mining jobs.  
𝐾 number of operational stages.  
𝑘 index of an operational stage from 0, 𝑘 = 0, … , 𝐾 − 1. 
𝐿𝑘  number of equipment units used at stage 𝑘. 
𝑙𝑘  index of an equipment unit at stage 𝑘 indexed from 0, 𝑙𝑘 = 0, … , 𝐿𝑘 − 1. 
𝑟𝑖 ready time of mining job 𝑖.   
𝑑𝑖 due date of mining job 𝑖.   
𝑤𝑖 weighting factor associated the tardiness of mining job 𝑖.   
𝑠𝑖𝑘𝑙𝑘 setup time of mining job 𝑖 by equipment unit 𝑙𝑘 at stage 𝑘.  
Ω𝑖𝑘 workload for mining job 𝑖 at stage 𝑘.  
𝜃𝑙𝑘𝑘 operating capacity of resource unit 𝑙𝑘 at stage 𝑘. 
𝜂𝑖′𝑖 distance between mining job 𝑖
′ and mining job 𝑖, in which 𝑖′ should be the immediate 
predecessor of mining job 𝑖. 
𝑣𝑖′𝑖𝑘𝑙𝑘 speed of the 𝑙𝑘
𝑡ℎ
 equipment unit at stage 𝑘 from mining job 𝑖′ to mining job 𝑖, which 
may be asymmetric due to up-slope or down-slope.  
𝑈 a constant large value 
 
Decision Variables 
 
𝐶𝑖𝑘 completion time of mining job 𝑖 at stage 𝑘; 0 ≤ 𝐶𝑖𝑘 ≤ 𝑈, 𝑖 = 0, … , 𝐼;  𝑘 = 0, … , 𝐾 − 1. 
𝑥𝑖𝑘𝑙𝑘  assignment variable which equals 1, if the 𝑙𝑘
𝑡ℎ
 equipment unit is allocated to mining 
job 𝑖  at stage 𝑘 ; 0, otherwise; 𝑥𝑖𝑘𝑙𝑘 ∈ {0, 1}, 𝑖 = 0, … , 𝐼;  𝑘 = 0, … , 𝐾 − 1; 𝑙𝑘 =
0, … , 𝐿𝑘 − 1. 
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𝑦𝑖′𝑖𝑘𝑙𝑘  immediate sequencing variable which equals 1, if mining job 𝑖
′ just precedes mining 
job 𝑖  on the 𝑙𝑘
𝑡ℎ
 equipment unit at stage 𝑘 ; 0, otherwise;  𝑦𝑖𝑖′𝑘𝑙𝑘 ∈ {0, 1} ,  𝑖, 𝑖
′ =
0, … , 𝐼|𝑖 ≠ 𝑖′;  𝑘 = 0, … , 𝐾 − 1; 𝑙𝑘 = 0, … , 𝐿𝑘 − 1. 
 
The following multi-stage mine production timetabling model is formulated to optimise 
multi-stage operational-level timetable with multiple resource units: 
 
Objective 
𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒  (𝑚𝑎𝑥𝑖 𝐶𝑖,𝐾−1 + ∑  𝑚𝑎𝑥(0, 𝐶𝑖,𝐾−1 − 𝑑𝑖
𝐼
𝑖=1 ) 𝑤𝑖)     (1) 
Equation (1) defines the objective function of minimising the maximum completion time 
(makespan) and the total weighted tardiness of mining jobs.   
 
Subject to: 
𝐶0𝑘 =  𝑟𝑖,           
𝑘 = 0, … , 𝐾 − 1        (2) 
𝐶𝑖𝑘 ≥ 𝐶0𝑘 + ∑ 𝑥𝑖𝑘𝑙𝑘
𝐿𝑘
𝑙𝑘=1
(𝑠𝑖𝑘𝑙𝑘 +
Ω𝑖𝑘
𝜃𝑙𝑘𝑘
)       
𝑖 = 1, … , 𝐼;  𝑘 = 0;        (3) 
𝐶𝑖𝑘 ≥ 𝐶𝑖,𝑘−1 + ∑
𝑦
𝑖′𝑖𝑘𝑙𝑘
𝜂
𝑖′𝑖
𝑣𝑖′𝑖𝑘𝑙𝑘
𝐿𝑘
𝑙𝑘=1
+ ∑ 𝑥𝑖𝑘𝑙𝑘
𝐿𝑘
𝑙𝑘=1
(𝑠𝑖𝑘𝑙𝑘 +
Ω𝑖𝑘
𝜃𝑙𝑘𝑘
),     
𝑖, 𝑖′ = 1, … , 𝐼|𝑖 ≠ 𝑖′;  𝑘 = 1, … , 𝐾 − 1;     (4) 
Equations (2-4) satisfy the processing routes of mining jobs, i.e., the completion time (𝐶𝑖𝑘) of 
a mining job 𝑖 at stage 𝑘 should be no less than its completion time (𝐶𝑖,𝑘−1) at stage 𝑘 − 1 
plus the sequence-dependent movement time (∑
𝑦
𝑖′𝑖𝑘𝑙𝑘
𝜂
𝑖′𝑖
𝑣𝑖′𝑖𝑘𝑙𝑘
𝐿𝑘
𝑙𝑘=1
) of the allocated equipment unit 
(indexed 𝑙𝑘) to this mining job as well as its corresponding setup time and processing time 
(∑ 𝑥𝑖𝑘𝑙𝑘
𝐿𝑘
𝑙𝑘=1
(𝑠𝑖𝑘𝑙𝑘 +
Ω𝑖𝑘
𝜃𝑙𝑘𝑘
)) at stage 𝑘.   
 
∑ 𝑥𝑖𝑘𝑙𝑘
𝐿𝑘
𝑙𝑘=1
= 1,          
𝑖 = 1, … , 𝐼;  𝑘 = 0, … , 𝐾 − 1       (5) 
∑ 𝑦0𝑖𝑘𝑙𝑘
𝐿𝑘
𝑙𝑘=1
= 1,          
𝑖 = 1, … , 𝐼;  𝑘 = 0, … , 𝐾 − 1       (6) 
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∑ 𝑦𝑖′𝑖𝑘𝑙𝑘
𝐼
𝑖′=0|𝑖′≠𝑖 = 𝑥𝑖𝑘𝑙𝑘 ,         
𝑖 = 0, … , 𝐼;  𝑘 = 0, … , 𝐾 − 1; 𝑙𝑘 = 0, … , 𝐿𝑘 − 1   (7) 
∑ 𝑦𝑖𝑖′𝑘𝑙𝑘
𝐼
𝑖′=0|𝑖′≠𝑖 = 𝑥𝑖𝑘𝑙𝑘,         
𝑖 = 0, … , 𝐼;  𝑘 = 0, … , 𝐾 − 1; 𝑙𝑘 = 0, … , 𝐿𝑘 − 1   (8) 
Equations (5-8) satisfy the exclusive assignment relationship and immediate sequencing 
relationship between each pair of mining jobs on each equipment unit at each stage, which 
implies that each mining job can be processed by only one equipment unit at stage at a time; 
each mining job can have only one immediate predecessor and only one immediate successor 
on the allocated equipment unit at each stage.  
 
𝐶𝑖𝑘 + 𝑈 (1 − ∑ 𝑦0𝑖𝑘𝑙𝑘
𝐿𝑘
𝑙𝑘=1
) ≥ 𝐶0𝑘 + ∑ 𝑥𝑖𝑘𝑙𝑘
𝐿𝑘
𝑙𝑘=1
(𝑠𝑖𝑘𝑙𝑘 +
Ω𝑖𝑘
𝜃𝑙𝑘𝑘
),    
𝑖 = 1, … , 𝐼;  𝑘 = 0, … , 𝐾 − 1;      (9) 
𝐶𝑖𝑘 + 𝑈 (1 − ∑ 𝑦𝑖′𝑖𝑘𝑙𝑘
𝐿𝑘
𝑙𝑘=1
) ≥ 𝐶𝑖′𝑘 + ∑
𝑦
𝑖′𝑖𝑘𝑙𝑘
𝜂
𝑖′𝑖
𝑣𝑖′𝑖𝑘𝑙𝑘
𝐿𝑘
𝑙𝑘=1
+ ∑ 𝑥𝑖𝑘𝑙𝑘
𝐿𝑘
𝑙𝑘=1
(𝑠𝑖𝑘𝑙𝑘 +
Ω𝑖𝑘
𝜃𝑙𝑘𝑘
),  
𝑖, 𝑖′ = 1, … , 𝐼|𝑖 ≠ 𝑖′;  𝑘 = 0, … , 𝐾 − 1;    (10) 
Equations (9-10) satisfy the disjunctive scheduling relationship between each pair of mining 
jobs on the allocated equipment unit at each operational stage.   
 
 
3. Case Study 
 
The proposed mathematical formulation model has been solved by commercial MIP 
optimiser (e.g., IBM ILOG-CPLEX 12.4 for academic use).  The proposed approach has been 
applied to a case study based on the data collected from an iron ore mine site in Australian, 
for the purpose of maximising the throughput of short-term open-pit mine production process 
through several operational stages.  
 
Due to confidentiality agreement, values are relatively modified and only some parts of the 
case study data are given in Table 1.   
 
<<Insert Table 1: Input data of 54 mining jobs>> 
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In this case study, 54 mining jobs will be scheduled in an expected 18-week operational 
scheduling horizon.  Note that a mining job is an aggregated set of block units each of which 
has the identical size with 10 metres in width, 10 metres in length, 15 metres in height, about 
100 square metres in surface and about 1500 cubic metres.  If a block unit is high-grade ore 
with the density of 3 tons/cubic meters, then this block unit’s tonnage is about 4500 tons.  For 
example in Table 1, mining job 1 has 32552 cubic metres and 2170 square meters on surface, 
which means that it consists of about 22 block units.  Each mining job will be processed 
consecutively through drilling; blasting and excavating stage.  The critical equipment type at 
drilling stage is drill equipment with two units in this case study.  The average blast-hole-
drilling rate of a drill is 50 meters/hour at this mine site.  At blasting stage, the critical 
resource type is mobile processing unit (MPU) with two units.  Due to the safety 
requirements for subsequent marking the blasted block units, this mine site does not allow 
personnel or equipment on a blast about 12 hours.  The processing time of a blasting 
operation actually contains operational times of several tasks including sampling, explosive 
adding, exploding, clearing and marking.  The critical resource type at excavating stage is 
excavator (shovel or front-end-loaders) with 5 units and the production rate of an excavator 
unit is 1200 m
3
/hour on average.  Based on the above data, the processing times of each 
mining job are determined by the size (drilling meter, surface, volume) of each mining job 
and the operating capacity of an allocated equipment unit at each stage.  
 
4. Results  
 
The MMPS MIP model of this case study is solved by IBM ILOG-CPLEX 12.4 with the time 
limit of 36000 seconds and thus a good feasible mine production timetable that synchronises 
drilling, blasting and excavating operations of each mining job is obtained and presented in 
detail in Table 2.  IBM ILOG-CPLEX (a commercial MIP optimiser) can indicate whether 
the proposed MIP model is solved or not as well as the MIP solution’s relative optimality gap.  
The constraints are satisfied by evaluating the values of key variables in the model, that is, 
whether only an equipment unit at each stage is assigned only to a mining job at a time; and 
whether each pair of mining jobs has only one directed immediate sequencing relationship on 
the assigned equipment unit at each stage.  The obtained timetable shown in Table 2 is 
constructed according to the values of completion times 𝐶𝑖𝑘, equipment-assignment variables 
𝑥𝑖𝑘𝑙𝑘 , sequencing variables 𝑦𝑖′𝑖𝑘𝑙𝑘 obtained by ILOG-CPLEX.  
10 
 
 
<<Insert Table 2: Mine production timetable of 54 mining jobs>> 
 
5. Conclusion 
 
This paper is a pioneer work to optimise short-term mine production operations due to the 
fact that most mining optimisation papers dealt with long-term mine design planning at the 
strategic level and mid-term mine block sequencing at the tactical level.  In this sense, it is 
innovative to model a short-term operational-level mine production timetabling process as a 
multi-resource multi-stage scheduling problem.  
 
In this paper, such a complicated operational multi-resource multi-stage mine production 
timetabling problem is defined and then mathematically formulated by mixed integer 
programming.  The proposed MIP model can be solved by IBM ILOG-CPLEX optimiser.  A 
numerical case study is given for illustrating and validating the proposed timetabling 
methodology with a practical implementation based on real-life mining data.  As a result of 
the application of the proposed methodology, mining practitioners can maximise the mining 
productivity and the utilisation of mining equipment through multiple processing stages.   
 
For the direction of future research, a hybrid metaheuristic algorithm based on an extended 
disjunctive graph will be developed to solve the proposed multi-resource multi-stage mine 
production timetabling problem in a more efficient way.  
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Table 1: Input data of 54 mining jobs* 
Mining Job  
ID 
Tonnes 
(t) 
Volume 
(m3) 
Surface 
(m2) 
Drill Metres 
(m) 
 
Number of 
Blocks 
 
Mining Job  
ID 
Tonnes 
(t) 
Volume 
(m3) 
Surface 
(m2) 
Drill Metres 
(m) 
 
Number of 
Blocks 
 
1 97656 32552 2170 768 22 28 394582 131527 8769 2828 88 
2 175780 58593 3906 1382 39 29 710247 236749 15783 5091 158 
3 117187 39062 2604 921 26 30 473498 157833 10522 3394 105 
4 259440 86480 5765 1994 58 31 369212 123071 8205 2603 82 
5 466992 155664 10377 3590 104 32 664581 221527 14769 4685 148 
6 311328 103776 6918 2393 69 33 443054 147685 9846 3123 99 
7 302019 100673 6712 2233 67 34 424090 141363 9424 3260 94 
8 543635 181212 12081 4019 121 35 763362 254454 16964 5868 170 
9 362423 120808 8054 2679 81 36 508908 169636 11309 3912 113 
10 373895 124632 8309 2640 83 37 351549 117183 7812 2722 78 
11 673010 224337 14956 4752 150 38 632788 210929 14062 4899 141 
12 448673 149558 9971 3168 100 39 421859 140620 9375 3266 94 
13 416945 138982 9266 3112 93 40 327072 109024 7268 2344 73 
14 750501 250167 16678 5601 167 41 588730 196243 13083 4219 131 
15 500334 166778 11119 3734 111 42 392486 130829 8722 2813 87 
16 419868 139956 9331 3187 94 43 327072 109024 7268 2344 73 
17 755762 251921 16795 5736 168 44 588730 196243 13083 4219 131 
18 503842 167947 11197 3824 112 45 392486 130829 8722 2813 87 
19 384422 128141 8543 3140 86 46 325535 108512 7234 2366 73 
20 691960 230653 15377 5652 154 47 585962 195321 13021 4258 131 
21 461307 153769 10251 3768 103 48 390642 130214 8681 2839 87 
22 385224 128408 8561 2993 86 49 359902 119967 7998 2578 80 
23 693402 231134 15409 5387 154 50 647824 215941 14396 4641 144 
24 462268 154089 10273 3591 103 51 431882 143961 9597 3094 96 
25 394582 131527 8769 2828 88 52 263993 87998 5867 1875 59 
26 710247 236749 15783 5091 158 53 475188 158396 10560 3375 106 
27 473498 157833 10522 3394 105 54 316792 105597 7040 2250 71 
* Volume, surface and drill metres are measured as workloads of each mining job at excavating, blasting and drilling stages. 
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Table 2: An operational-level mine production timetable of 54 mining jobs* 
Mining Job 
ID 
 
Drilling Stage (2 Drills) 
 
Blasting Stage (2 MPUs) 
 
Excavating Stage (5 Excavators) 
 
Drill ID MTime ITime ETime PTime CTime 
 
MPU ID MTime ITime ETime PTime CTime 
 
Excavator ID MTime ITime ETime PTime CTime 
1 
 
1 0.00 3.50 3.50 12.79 16.29 
 
0 0.00 24.00 40.29 7.23 47.53 
 
4 0.00 4.50 52.03 32.55 84.58 
2 
 
0 0.00 3.00 3.00 27.63 30.63 
 
0 0.00 24.00 71.53 13.02 84.55 
 
4 0.04 4.50 89.12 58.59 147.67 
3 
 
1 0.14 3.50 19.93 15.35 35.14 
 
1 0.00 48.00 83.14 5.79 88.93 
 
3 0.00 4.00 92.93 43.40 136.33 
4 
 
1 0.03 3.50 38.67 33.24 71.88 
 
0 0.00 24.00 108.55 19.22 127.76 
 
3 0.02 4.00 140.35 96.09 236.42 
5 
 
0 0.15 3.00 33.78 71.80 105.43 
 
1 0.00 48.00 153.43 23.06 176.49 
 
2 0.00 3.50 179.99 194.58 374.57 
6 
 
1 0.10 3.50 75.48 39.89 115.27 
 
0 0.00 24.00 151.76 23.06 174.83 
 
4 0.20 4.50 179.53 103.78 283.10 
7 
 
0 0.10 3.00 108.53 44.66 153.09 
 
0 0.00 24.00 198.83 22.37 221.20 
 
3 0.15 4.00 240.57 111.86 352.28 
8 
 
1 0.10 3.50 118.87 66.98 185.75 
 
1 0.00 48.00 233.75 26.85 260.60 
 
4 0.10 4.50 287.70 181.21 468.81 
9 
 
0 0.10 3.00 156.19 53.59 209.67 
 
0 0.00 24.00 245.20 26.85 272.04 
 
1 0.00 3.00 275.04 172.58 447.63 
10 
 
1 0.10 3.50 189.35 44.00 233.25 
 
0 0.00 24.00 296.04 27.70 323.74 
 
3 0.15 4.00 356.43 138.48 494.76 
11 
 
0 0.10 3.00 212.77 95.03 307.70 
 
0 0.00 24.00 347.74 49.85 397.59 
 
4 0.15 4.50 473.46 224.34 697.65 
12 
 
1 0.10 3.50 236.85 52.80 289.54 
 
1 0.00 48.00 337.54 22.16 359.70 
 
2 0.29 3.50 378.36 186.95 565.02 
13 
 
1 0.04 3.50 293.08 51.86 344.90 
 
1 0.00 48.00 407.70 20.59 428.29 
 
1 0.09 3.00 450.72 198.55 649.17 
14 
 
0 0.12 3.00 310.82 112.01 422.72 
 
1 0.00 48.00 476.29 37.06 513.35 
 
2 0.06 3.50 568.58 312.71 881.23 
15 
 
1 0.07 3.50 348.48 62.23 410.63 
 
0 0.00 24.00 434.63 37.06 471.70 
 
3 0.21 4.00 498.96 185.31 684.07 
16 
 
1 0.04 3.50 414.17 53.12 467.25 
 
0 0.00 24.00 495.70 31.10 526.80 
 
0 0.00 2.50 529.30 233.26 762.56 
17 
 
0 0.11 3.00 425.83 114.73 540.45 
 
1 0.00 48.00 588.45 37.32 625.77 
 
3 0.07 4.00 688.14 279.91 967.98 
18 
 
1 0.07 3.50 470.82 63.74 534.49 
 
0 0.00 24.00 558.49 37.32 595.81 
 
4 0.26 4.50 702.42 167.95 870.10 
19 
 
1 0.04 3.50 538.02 52.33 590.32 
 
0 0.00 24.00 619.81 28.48 648.28 
 
1 0.11 3.00 652.28 183.06 835.23 
20 
 
0 0.11 3.00 543.55 113.04 656.48 
 
0 0.00 24.00 680.48 51.26 731.74 
 
4 0.07 4.50 874.67 230.65 1105.25 
21 
 
1 0.07 3.50 593.89 62.80 656.62 
 
1 0.00 48.00 704.62 22.78 727.40 
 
0 0.09 2.50 765.15 256.28 1021.34 
22 
 
1 0.04 3.50 660.15 49.88 710.00 
 
0 0.00 24.00 755.74 28.54 784.27 
 
1 0.05 3.00 838.28 183.44 1021.67 
23 
 
0 0.06 3.00 659.55 107.74 767.22 
 
1 0.00 48.00 815.22 34.24 849.46 
 
3 0.16 4.00 972.14 256.82 1228.80 
24 
 
1 0.09 3.50 713.59 59.85 773.35 
 
0 0.00 24.00 808.27 34.24 842.52 
 
2 0.21 3.50 884.94 192.61 1077.34 
25 
 
1 0.02 3.50 776.87 47.14 823.99 
 
0 0.00 24.00 866.52 29.23 895.74 
 
1 0.04 3.00 1024.71 187.90 1212.57 
26 
 
0 0.07 3.00 770.29 101.82 872.04 
 
1 0.00 48.00 920.04 35.07 955.11 
 
2 0.03 3.50 1080.87 295.94 1376.78 
27 
 
1 0.05 3.50 827.53 56.57 884.05 
 
0 0.00 24.00 919.74 35.07 954.82 
 
4 0.07 4.50 1109.82 157.83 1267.58 
28 
 
0 0.05 3.00 875.08 56.57 931.61 
 
0 0.00 24.00 978.82 29.23 1008.05 
 
0 0.05 2.50 1023.89 219.21 1243.05 
29 
 
1 0.05 3.50 887.60 84.85 972.40 
 
1 0.00 48.00 1020.41 35.07 1055.48 
 
3 0.09 4.00 1232.89 263.05 1495.85 
16 
 
30 
 
0 0.04 3.00 934.65 67.88 1002.49 
 
0 0.00 24.00 1032.05 35.07 1067.12 
 
4 0.04 4.50 1272.13 157.83 1429.92 
31 
 
1 0.06 3.50 975.96 43.38 1019.29 
 
0 0.00 24.00 1091.12 27.35 1118.47 
 
1 0.06 3.00 1215.63 175.82 1391.38 
32 
 
0 0.06 3.00 1005.54 93.70 1099.19 
 
0 0.00 24.00 1142.47 49.23 1191.70 
 
4 0.04 4.50 1434.46 221.53 1655.94 
33 
 
1 0.11 3.50 1022.90 52.06 1074.84 
 
1 0.00 48.00 1122.84 21.88 1144.72 
 
0 0.05 2.50 1245.60 246.14 1491.69 
34 
 
1 0.06 3.50 1078.40 54.34 1132.68 
 
1 0.00 48.00 1192.72 20.94 1213.66 
 
2 0.11 3.50 1380.39 176.70 1556.98 
35 
 
0 0.17 3.00 1102.36 117.37 1219.56 
 
1 0.00 48.00 1267.56 37.70 1305.25 
 
3 0.17 4.00 1500.02 282.73 1782.58 
36 
 
1 0.11 3.50 1136.29 65.20 1201.38 
 
0 0.00 24.00 1225.38 37.70 1263.08 
 
1 0.14 3.00 1394.52 242.34 1636.72 
37 
 
1 0.05 3.50 1204.93 45.36 1250.25 
 
0 0.00 24.00 1287.08 26.04 1313.12 
 
0 0.09 2.50 1494.28 195.31 1689.50 
38 
 
0 0.12 3.00 1222.68 97.98 1320.54 
 
1 0.00 48.00 1368.54 31.25 1399.79 
 
4 0.26 4.50 1660.70 210.93 1871.37 
39 
 
1 0.10 3.50 1253.85 54.44 1308.18 
 
0 0.00 24.00 1337.12 31.25 1368.37 
 
2 0.17 3.50 1560.65 175.77 1736.25 
40 
 
1 0.05 3.50 1311.73 39.07 1350.75 
 
0 0.00 24.00 1392.37 24.23 1416.60 
 
1 0.10 3.00 1639.82 155.75 1795.47 
41 
 
0 0.15 3.00 1323.69 84.39 1407.93 
 
0 0.00 24.00 1440.60 43.61 1484.21 
 
3 0.26 4.00 1786.84 218.05 2004.63 
42 
 
1 0.06 3.50 1354.31 46.88 1401.13 
 
1 0.00 48.00 1449.13 19.38 1468.51 
 
2 0.13 3.50 1739.88 163.54 1903.29 
43 
 
1 0.03 3.50 1404.66 39.07 1443.70 
 
0 0.00 24.00 1508.21 24.23 1532.43 
 
0 0.15 2.50 1692.15 181.71 1873.70 
44 
 
0 0.08 3.00 1411.00 84.39 1495.31 
 
0 0.00 24.00 1556.43 43.61 1600.04 
 
4 0.15 4.50 1876.02 196.24 2072.12 
45 
 
1 0.05 3.50 1447.25 46.88 1494.08 
 
1 0.00 48.00 1542.08 19.38 1561.46 
 
1 0.06 3.00 1798.53 186.90 1985.36 
46 
 
1 0.03 3.50 1497.61 39.43 1537.01 
 
1 0.00 48.00 1609.46 16.08 1625.54 
 
2 0.06 3.50 1906.85 135.64 2042.43 
47 
 
0 0.08 3.00 1498.39 85.16 1583.48 
 
0 0.00 24.00 1624.04 43.40 1667.45 
 
0 0.04 2.50 1876.25 325.53 2201.74 
48 
 
1 0.06 3.50 1540.57 47.31 1587.82 
 
1 0.00 48.00 1673.54 19.29 1692.83 
 
3 0.10 4.00 2008.73 144.68 2153.31 
49 
 
1 0.04 3.50 1591.36 42.97 1634.29 
 
0 0.00 24.00 1691.45 26.66 1718.11 
 
1 0.06 3.00 1988.43 171.38 2159.75 
50 
 
0 0.11 3.00 1586.58 92.81 1679.29 
 
1 0.00 48.00 1740.83 31.99 1772.82 
 
4 0.19 4.50 2076.81 215.94 2292.56 
51 
 
1 0.07 3.50 1637.86 51.56 1689.35 
 
0 0.00 24.00 1742.11 31.99 1774.10 
 
2 0.13 3.50 2046.06 179.95 2225.88 
52 
 
0 0.07 3.00 1682.36 37.50 1719.79 
 
0 0.00 24.00 1798.10 19.56 1817.65 
 
3 0.14 4.00 2157.45 97.78 2255.08 
53 
 
1 0.07 3.50 1692.93 56.25 1749.11 
 
1 0.00 48.00 1820.82 23.47 1844.29 
 
1 0.07 3.00 2162.82 226.28 2389.03 
54 
 
0 0.07 3.00 1722.86 45.00 1767.79 
 
0 0.00 24.00 1841.65 23.47 1865.12 
 
2 0.09 3.50 2229.47 132.00 2361.38 
*MTime: Movement Time; ITime: Installation Time; ETime: Starting Time; PTime: Processing Time; and CTime: Completion Time.  
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